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. ABSTRACT 
This paper summarizes some of.the initial findings in 
a ~ajor long-term research program recently commenced on 
the general topic of low-cycle fatigue. The study is 
seekLng an advancement of understanding in fundamental as 
well as in practical terms • 
. The initial studies are on welded joints of ASTM A514 
steel, a quenched and tempered constructional a~loy steel 
with a minimum yield point of 70 kp/mm2 .. "Low-cycle" has. 
been defined as corresponding to magnitudes of applied stress 
which approach the yield level, and which encompass a range 
of cycles of load application from 0.5 to 100,000. 
-.When the maximum stress is below the proportional limit, 
the stress range accounts for nearly all the variation 
in cycle life. 
- It is possible to develop a mathematical model to predict 
.the redistribution of stress in a plate with.a crack, as 
the crack propagates. 
- It appears that the crack-opening-dislocation characterizes 
the stress intensity factor for levels approaching the 
yield value. 
- There appears to be a relationship at the onset of rapid 
fracturing such that the rate of change of crack-opening-
dislocation is equal to the rate of crack extension. 
After initiation of a crack, further growth is without 
regard to microstructural features. 
The propagation of fatigue cracks is being studied through 
macroanalysis (fracture mechanics and·plasticity), and 
' 
microanalysis. Different variables are under consideration, 
such as load cycle, microstructure, zone size's, geometry and 
constraint, and the experimental studies have been formulated 
on a statistical basis. The eventual objective of this study 
is to prepare background information on the design of 
structures which will have a finite life under repetitive 
loading. 
. ""-, 
1 •. INTRODUCTION \ 
This paper summarizes some of the initial findings 
in a major long-~erm research program recently commenced 
on the general topic of low-cycle fa~igue, conducted under 
the· sponsorship of the U.S. Department of Defense. 
Many_structures or structural components subjected 
to.· cyclic loading ·are intended to have a relatively short 
life. In actual practice, however, they are designed on 
the basis of sustaining a very long or infinite life. 
This can be wasteful. Other struct~res are designed for 
static loading with bri~f p~riods of cyclic loading, such 
as buildings during earthquakes~ Current design of such 
structures does not reflect fatigue behavior. The 
eventual objective of this studyis to prepare background 
information on the design of structu-res which will have 
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. a finite life under repetitive loading. This information 
will be referred to the design of critical areas of the 
structure; these critical areas, such as joints and similar 
discontinuities, would tend to have the same basic properties 
irrespective of the type or form of parent structure. 
Examples of critical ·areas are butt and fillet joints in 
pressure vessels, ordnance vehicles, and structural 
components. It seems clear that the behavior of a joint 
in low-cycle fatigue in a pressure vessel (submarine, 
space vehicle, reactor casing, etc.) is no different from 
that in a structural component (a tension member acting as 
a structural component of a bridge; a ship; a space vehicle, 
etc.) These critical areas are the "weak links" in the 
"chain", and very little is kno_wn of this basic behavior.' 
The material being studied iriitially_is ASTM A514 
steel, which is a quenched and tempered constructional alloy 
ste~l with a yield point of 70 kp/mm2 (100 ksi.) Butt- . 
and fillet-welded joints (with the reinforcement removed 
for butt welds) are being considered first, and the 
propagation of fatigue cracks is being studied through· 
macroanalysis (fracture mechanics and plasticity), and 
microanaly~is. Different variables are under considera~ion, 
... 
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such as load cycle, periodic overloads, microstructure, 
zone sizes, geometry and constraint, and the experimental 
studies have been formulated on a statistical basis. The 
initial studies have been limited to crack propagation, 
using precracked specimens, and have been stress-controlled. 
In this study, the designation of ·"low-cycle" 
corresponds to magnitudes of applied stress which approach 
the yield level, and which encompass a range of cycles of 
load applications from 0.5 to 100,000. This upper limit 
will allow correlation with the substantial body of data 
from "high-cycle" studies. 
This study seeks advancement of understanding in 
fundamental as well as in practical terms. For instance, 
successive elements of high-cycle fatigue crack extensions 
may be considered as 6onstituting a series of low-cycle 
fatigue failures of a small region adjacent to the leading 
edge of the crack. (l) The material at the crack tip is in 
a·plastic state of stress, irrespective of the stress level 
in the surrounding continuum. Thus, low-cycle fatigue is 
the connecting field between the long~life fatigue studies 
and the static strength measurements. A clarification of 
this should lead to an understanding of ~he relationship 
between information from tests conducted at low stress levels 
and at high stress levels. In particular, in low-cycle 
fatigue, the crack growth per cycle and the associated plastic 
s_traii?-s are amplified, thus presenting_ favorable conditions 
for studies of the dependency of fatigue damage upon strain 
aging, creep, and environment. , 
2. FATIGUE STRENGTH 
Traditionally, fatigue has been studied with the'aid 
of S-N diagrams, and th~ influences of tha different factors 
have been noted through differences in the S-N diagrams. ( 2 ) 
For instance, it has been shown in high cycle fatigue that 
it is the itress range which is the predominant variable. ( 3 ) 
Many studies in low-cycle fatigue have extended the ~ange of 
the S-N diagram towards zero cycles. <4 , 5 > 
Figure 1 presents a plot of stress range versus 
number of cycles to failure for a series of tension tests 
on unwelded A514 steel, summarized in Table 1. (G) These 
tests are pilot tests in the higher-?ycle range of low-
cycle fatigue, and were designed to study the effect of 
maximum stress S , the applied stress range S , and the max . ··· r 
suitability of the proposed specimen configuration. The 
tests were performed at a constant load amplitude, and the 
experiment design was undertaken to permit a ratio:r:al · 
evaluation of the influence of the controlled variables; 
the test data was statistically analyzed for variance and 
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regression: When S is below the proportional limit, the 
max 
stress range S accounts for nearly all the variation in 
r 
cycle life. 
A majqr factor to be considered in low-cycle fatigue 
is the accumulation of strains through cycling. (?,S) Figure 
2 summarizes some strain history data for three unwelded 
A514 tensile stress specimens. The recorded data points 
are shown, and, _the measured plastic strain accumulation is 
represented by the heavy_line, while the light broken lines 
indicate assumed behavior. Very little plastic strain 
occurred; substantial amounts were observed only in the first 
few cycles of life, as well as near failure. 
For these tensile specimens, all fracture surfaces 
showed a dual character. Fracture ~as initiated by a flat 
f~tigue crack followed by non-homogeneous plastic flow and 
fracture across the iemainder of the ·specimen. Flat fatigue 
cracks showed no tendency to de.laminate near the surface and 
gradually increased their delamination tendency as they grew 
through the plate thickness. 
3. THE STATE OF STRESS IN CRACKED PLATES 
The state of stress at any point reflects the 
applied load, the stress concentrations, and the residual 
stress. I~ particular, residual stre~ses(g,lQ) are important 
and could play a dominant part in influencingbehavior. 
The cyclic loading of a material with a crack 
produces a gradual pl~stification which is exaggerated ·in 
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. the low-cycle fatig~e range, particularly by the presence 
of .residual stresses. This history of plastification, in 
effect the redistribution of stress and strain, is being 
studied experimentally and attempts are being made to 
duplicate it by. a mathematical mo.del. ( 11 ) It is hoped that 
this phase of the study_will result in the prediction-of 
crack propagation. 
.· 
The relationshi~between the crack propagation rate 
and ··stress redistribution were observed from a test conducted 
on a full-size welded beam with a pre-existing cra~k. (l 2 ) 
The beam was welded of A514 steel fabricated from flame-cut 
plates, and had been tested in high-cycle fatigue un~il the 
appearance of a crack at the juncture of flange and.web. ( 3 ) 
The mathematical model has used the method of "lumped 
parameters" or "lumped mass", where the plate under consid-
eration is discretized into a finite number of points. The ·· 
initial mathematical model has used a 20 x 20 mesh for half 
the plate width. The distribution of stress at various 
stages of crack growth is shown in Fig. 3 for an initial 
crack covering 4 elements, and a final crack covering 10 
elements; the final crack corresponds to half the plate 
width. The computed distribution o.f stress. is compared with 
the stress measured experimentally. The strain history in 
terms·· of the cracked elements of the mesh are shown in 
Fig. 3b. .:-;> 
The rate of crack propagation ~: versus the non-
dimensional ratio ~a is plotted in Fig. 4, where W, the width 
of the flange, is 173 mm •. (6.82 inches.) Theoretical values 
are shown for both the high- and low-cycle portions of the 
test for the crack propagation rate. (l 2 ) This computation 
did not take into account the restraining influence of the 
three-ended crack (web effect), or of the residual stress 
distribution, both of which are under ccinsideration. 
-6. 
The study of the fracture surface of the crack in the 
full-size beam has revealed a transition from smooth to 
rough texture as the crack grows from initial size to final 
beam failure. The initial fracture is normal to the applied 
stress, while the final fracture is inclined. The .fracture 
path follows inclusions, carbides, and microstructure 
boundaries, and the microstructure is sufficiently fine so 
. . . 
that its effect is minor and the overall fracture path is 
responsible p:r;-imarily to loading. conditions. 
The crack initiated. at a tack.weld while testing in 
the high-cycle fatigue range, and grew very slowly through 
the.flange-to-web welds, the central part of the flange, 
and the top of the web. During .the testing in the low-cycle 
fatigue range, the observed fracture surface transition 
correlated to the very significant stress redistribtition, 
and to the increasing size of the yield stress·zone at the 
crack tip. The high-cycle range showed only a very slight 
tendency for delamination ~long rolled~out inclusions -
but this tendency was very obvious during the low-cycle range. 
4. FRACTURE MECHANICS 
The current "study has included an attempt_ to extend 
the principles of fracture mechanics to the realm of low-
_. 
cycle fatigue, and to correlate thfs attempt with plasticity 
analyses, experimental testing, and microstructure 
investigation. Since 1in~ar fracture mechanics is based on 
elastic stress analyses, its· application to low-cycle fatigue 
would be expected to lead to some difficulties. .~) 
In low-cycle fatigue, the plastic strain zone often 
intersects .free surfaces of the component, and the cyclic 
strains promoting development and extension of cracks are a 
function of the geometry of the component in terms of 
plasticity analysis. A different situation occurs ·for high-
~ycle fatigue, in which the stresses remain generally in 
the elastic range, and the cyclic piastic strains at the 
leading edge of a crack are confined to a small plastic zone. 
Application of fracture mechanics techniques to 
low-cycle fatigue requires a characterization of a 
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plasticity type to indic~te the severity of the· cyclic 
straining at the leading edge of the crack both before and 
after yielding. The simplest available characterization is 
the concept of the crack-opening-dislocation, the so-called 
C-0-D. The concept was introduced by.Wells(l 3 ) a decade ago, 
and Irwin(l,l 4 ) more recently extended its use to plasticity-
type situations. 
The behavior of a crack in high-cycle fatigue and in 
low-cycle fatigue are related, since .successive elements of 
the high-cycle fatigue crack propagation are, in effect, a 
series of low-cycle fatigue crack propagations of the 
plastified zone of material on the leading edge of the crack! 14 ) 
It may be derived {l 4 ) that 0' tpe C-0-D, is given by 
6 4 ~ -~ (1) =!if·-, or 0""' ::'I 
. . C1 ~ C1· y y 
where ~~ is the strai~ energy release rate, corrected by the 
plasticity adjustment factor, and a i.s the yield strength. 
·Y 
Further, 
= for plane.stress (2) 
= for plane strain (3) 
·where K is the stress intensity. factor. 
The result of the development of mathematical models< 14> 
to see whether the proportionality_between o and~ remains 
valid for stress levels approaching general yielding, is 
summarized ~n Fig. 5. In the figure, a=O refers to the case 
of an infinite plate, and the two separate groups of curves 
refer to the assumptions used, namely that of strip-plastic-
analysis, and of the elastic-perfectly-plastic analysis, 
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.respectively. (l 4 ) LN is the average shear stress on the net 
section, and Ly is the yield point in shear. 
Significantly, both plasticity models indicate 
(Fig. 5) that the proportionality of Eq. 1 holds true even 
up to the situation of general yielding for finite plates; 
.. for infinite plates, the validity ceases at somewhat 
lower stress levels. In other words·, the C-0-D, o, 1 . 
characterizes the stress intensity factor K, almost to the 
point of general yielding. 
It is not possible to study immediately the behavior 
of a structural component such as a welded beam. The 
preliminary studies have been on a double-cantilever bend 
~est specimen, pre-cracked. 
Since it is quite difficult to measure the actual 
C-0-D, this is usually related to some dimension which can 
be measured. For the face-grooved double-cantilever bend 
(DCB) specimen considered in Fig. 6, an approximate value 
for C-0-D is given by< 14 ) 
6 = 
2 
a ( 4) 
where P is the applied load, a the distance from the leading 
edge of the crack to P, w the unnotched specimen thickness, 
w
0 
the net section thickness between the face grooves, and 
h the beam length of each loading arm. .~ 
Using Eq. 4 to obtain o frpm w
0 
the results of 
cy.~lic DCB tests on 50 ksi yield specimens initially tested 
in this program, and the results from other sources<14 > all 
indicate that there is a correlation between the crack 
extension rate ~: and the cyclic rate of change of C-0-D, 
Ao,, spch that, at the onset of rapid fracturing, 
(5) 
I. 
-9 
It was noted that the position where Equality 5 was 
approached occurred in a region for which a substantial amount 
of yielding through thickness reduction would be expected. 
Further, the Equality 5 held true for the upturn portion of 
the (ln ~~ vs. ln ~K) curve, which represents the approach 
towards the onset of rapid fracture. Thus, Equality 5 
represents a preliminary result, but it does r~flect a 
potential application to low~cycle fatigue. 
The studies are continuing with A514.steel specimens, 
and the dimensional size effect is being considered for face-
notched DCB specimens. 
Fatigue crack propagation results for A514 steel are 
shown in Fig. 7 for three different thicknesses of single -
~dge-notch tension fatigue specimens. (l 5 ) The log-log plot 
used indicates that the crack propagation rate is independent 
of metallurgical .variation (as indicated by specimen.thickness) 
and (through correlation with other studies) of the relative 
size of the plastic zone for thicknesses to one inch. (l 5 ) 
From the study, the growth rate at the lower stress 
levels was shown to be best represented by two straight lines 
on the log-log plot, as 
da 
dN = (8) 
Kmax 
where A. = ~K , K is the maximum stress intensity factor, 
u max 
and where m and n are 0.4 and 2.4 respectively at the low 
qrowth rates, and somewhat higher in the high growth rates. 
At,the high K levels, the greater dependence of K on 
· · max 
growth rate may be related to a greater degree of local 
cracking of inclusions during the fatigue process. The 
exponents of Eq. 8 indicate that the crack growth rate is 
more sensitive to ~K than to A.. It was noted in the study 
that the dependence of crack growth rate on the stress 
-·intensity level in the weld metal and heat-affected zone 
decreased as a result of heat treatment. 
·. 
5. STUDIES UNDEmvAY AND PROJECTED 
The above has outlined the progress of the study. 
Work underway but not yet completed, as well as studies 
planned, are given below. 
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1. Tests on tension specimens both welded and plain, notched 
and unnotched, with groove or fillet welds. There are 
200 specimens, and the test factorials have been ~esigned 
to allow statistical evaluatiort, in particular~ of the 
significance of different variables. A broad framework 
was established to permit future expansion as needed. 
The loadings and test procedure were designed to: 
- obtain data in the stress ranges of practical use in 
structural engineering· 
-.record accumulation of plastic damage and strain 
redistribution for different specimen configurations 
relate to the control strain test data 
- observe crack initiation and propagation. 
The first studies on weldments are being made on 16mm. 
(5/8") thick plate, MIG butt-welded with AIRCO AxllO filler 
. metal wire l.lmm. (0.045"} diameter. The weld preparation 
is.machined 60° included angle, V-grooves, and the welding 
atmosphere is argon -2% oxygen. Heat inputs of 18-22 
K./cm (47-55 K.fin.) are being used to produce multi-pass 
·) J . 
welds with mechanical properties ~atching the base plate. 
2. Tests directly correlated to theoretical investigations 
(double-cantilever specimens for the C-0-D concept) ; 
~ests on butt-welded specimens fo~ the measurement of 
crack propagation, with respect to heat treatcient ahd · 
residual stresses; and tests to measure residual stresses· 
and rate of plastification on flexural members of I and 
T sections. 
3. Compliance observations using an I-beam with. a saw-cut 
notch will be used to obtain estimates of the C-0-D 
applicable to the last stages of fati~ue life 6f the beam, 
when substantial plastic yielding occurs between the ends 
~f:the fl~nge crack and the side borders of the flan~e. 
The results will be compared to theoretical estimates and 
to measurements of plastic strain. 
-11· 
4. Crack propagation studies are being extended to the 
. lower cycle life range, and are being evaluated in terms 
of C-0-D plastic zone size and the stress intensity factor. 
5. Mathematical model studies of both the two-ended crack 
• and the three-ended crack are continuing. The accumulation 
of plastic strain in low~cycle fatigue will be related to 
crack initiation. 
6. The commercial production of the weldments is being 
monitored, as is the fabrication of weldments containing 
known and controlled defects for fatigue testing. 
Fundamental studies are underway_on solidification 
phenomena in the weldments under study, and the 
relationship of these phenomena to weldment behavior. 
7. The fabrication of weldments with known defects, in the 
·initial case porosity, will be undertaken. Techniques 
.for reproducibly making weldmentswith speci::fic p9rosity 
levels will have to be developed •. Additional welding 
defects, for example, lack of fusion will be studied 
later. 
a~ The magnitude and distribution of residual stresses in 
welded specimens is being determined by both destructive· 
and x~ray methods, and related to the studies of cirack 
propagation rates. 
9. Strain-recording met6ods are being evaluated~ and x-ray 
stress techniques are being explored as non-destructive 
indicators for the following of changes during cyclic 
.straining and fatigue. 
10. Within the next few years, a move will be made towards 
structural elements. This will i-:avolve the prediction 
of the low-cycle fatig~e be~avior.of ·very simple structures, 
as well as the possible extension of the study to check 
the basic behavior of ·joints of other steels, and other 
welding processes. 
6. SUMMARY 
This paper summarizes some of the.initial findings in 
a major long-term research program recently conunenced ori.· the 
. -·· . . 
general topic of low-cycle fatigue. The study seeks an 
advancement of understanding in fundamental as well as in 
practical terms. 
-12· 
1. When the maximum stress is below the proportional limit, 
the stress range accounts for nearly all the variation 
in cycle life. 
2. It is possible to develop a mathematical model to predict 
the redistribution of stress in a plate with a crack, as 
the crack propagates. The prese~t model does not include 
the rate of crack propagation. 
3. The residual stress distribution, in addition to the 
applied load and the size of the crack, must be considered 
as an.influencing factor for crack propagation in a plate. 
4. Successive elements of high-6ycle fatigue crack extensions 
.may be considered a~ constituting a series of low-cycle 
fatigue failures of a small region adjacent to the leading 
.edge of the crack. 
5. It appears that the crack-opening-dislocation characterizes 
.. the stress intensity factor for levels approaching the 
. yield _value. 
6. There appears to be a relationship at the onset of rapid 
.fracturing such that t~e rate of change of the crack-
opening-dislocation is ·equal to the rate of crack extension. 
7. After initiation of a. crack in a be·am, further growth 
is without regard to microstructural features; as the 
stress on the remaining net section increases, delamination 
of plate microstructures occurs along lines of inclusions. 
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